It is well known that terahertz (THz) spectroscopy, through complex conductivity, can be helpful in understanding electron dynamics over nanometer length scales, in particular, in nanomaterials.
1, 2 Deviations from the Drude behavior of free carriers within or near the THz range is quite dramatic in nanostructured materials, such as metals, [3] [4] [5] semiconductors, 1,6-12 and oxides. 2, 13, 14 In a wide class of nanomaterials stated above, the Drude-Smith (DS) model 15 has been used to interpret the complex conductivity in the THz frequency range. 2, 3, [6] [7] [8] [9] [10] [11] [12] [13] Smith 15 proposed the complex optical conductivity to be given by r Ã ðxÞ ¼ rð0Þ
where r(0) is the Boltzmann dc conductivity (or Drude's conductivity) given by e 2 n f s/m*, n f is the number of free carrier, m* is the effective mass, s is the collision time, and x is the angular frequency of external excitation. Further, the coefficient c n represents the fraction of the carrier's original velocity that is retained after the nth collision. Equation (1) is the generalization of the Drude formula and is called the DS model. 15 When we assume only one collision (n ¼ 1) for simplicity and for À1.0 c 1 < 0, the real part of conductivity shows a peak near xs ¼ 1. Here, negative values of c 1 correspond to the preferential backscattering of carriers.
It is assumed in the DS model that the charge carriers scatter once, and preference is given to backscattering in nanomaterials. 11 There is no satisfactory argument that supports the predominance of back scattering in nanoparticles, while the Monte Carlo simulations 11 indicate the existence of some backscattering at grain boundaries in inhomogeneous media (nanoparticles for example). The possibility of plasmon resonances, which may contribute to a strong nonDrude behavior, has been also discussed in nanocrystalline silicon. 6 We thus need a proper understanding of carrier dynamics in nanomaterials. We propose an alternative model to explain the complex conductivity near THz frequencies in inhomogeneous media, e.g., in nanomaterials.
The treatment of a material as homogeneous or inhomogeneous highly depends on the frequency x of external excitation. Figure 1 schematically shows this situation in nanomaterials. At higher frequencies, due to the short duration of acceleration time, the free carriers reside inside the grains and hence free carriers see a homogeneous medium; transport is described simply by the Drude law. At lower frequencies, carriers would pass through grain boundaries, and hence, overall, carriers see an inhomogeneous medium. It is expected that a series sequence of two contributions, i.e., the conductivities of free carriers and tunneling carriers, dominate the THz conductivity in nanomaterials, in which the tunneling contribution should be taken into account in addition to the free carrier contribution.
The frequency dependence of the complex conductivity r f *(x) (optical conductivity at an angular frequency x) for free carriers is given by the first term in Eq. (1), 15, 16 
For the tunneling conductivity r t *(x), we use the so-called Dyre expression in random media, 
in which N(E F ) is the electronic density-of-states at the Fermi level, s t is the tunneling time, r t is the tunneling distance (distance between grains), and n t (¼ N(E F )kT) is the number of tunneling carriers. A percolation argument can help in formulating the conductivity in three dimensional (3D) space. Electronic transport, under dc or ac condition, occurs at a percolation threshold, in which there is a critical one dimensional (1D) path. 17, 19 We thus consider a series connection of free carrier and tunneling contributions as a first-order approximation. This idea is also supported by a simple semiquantitative treatment of 3D transport in inhomogeneous materials. 20 Complex conductivity due to a series sequence of free and tunneling carries is then given by
where f is the volume fraction of grains. To calculate the overall imaginary part of the conductivity, Imr*(x), which is defined as xe 0 [e R (x) À e 1 ], where e R (x) is the real part of dielectric constant and e 1 is the background dielectric constant (e 1 ¼ 1 for conventional metals 16 ), we need e 1 as one of the adjusting parameters just mentioned above. 21 The real part of conductivity, Rer*(0), deduced from Eq. (5), should be close to the measured dc conductivity r dc , which will be discussed below.
We now apply the present model to two selected examples of THz conductivity in nanosilicon 7 and hexagonal Ge 2 Sb 2 Te 5 (GST). 9 Note that the overall features of THz conductivity of nanosilicon are different from those of hexagonal GST. To compare the present model with the DS model, we will show the predicted conductivities from both models in the following. Open circles in Figs. 2(a) and 2(b) show the experimentally obtained Rer*(x) and Imr*(x) in nanocrystalline Si films (average grain size is 15-25 nm), respectively, which are measured at room temperature. 7 Dashed lines in (a) and (b) show the best fit of the DS model (Eq. (1)) to the experimental data, with r(0) ¼ 170 S cm À1 , s ¼ 2.6 Â 10 À14 s, and c 1 ¼ À0.83 (the same s and c 1 are used as those in Ref. 7) . As shown and argued in many papers, 2,3,7-10 the fitting of the DS model to the experimental data has been more than satisfactory, which is one of the reasons that it has been a model of choice. Solid lines in (a) and (b) show the best fit from the present model, Eq. (5), to the experimental data. Adjusted parameters are all reasonable, and these are listed in Table I . It looks that the fitting of the DS model to the experimental data is better than that of the present model. It should be noted however that, as will be shown below in the GST system, the present model clearly shows much better fitting than that of the DS model. It should be further noted that our main objective is to explore a physical basis for non-Drude mechanisms, not simply to generate better fits.
Let us examine the optical conductivity of hexagonal GST. GST is the most important material for phase change memory devices. 9, 12 Open circles, solid and dashed lines in Figs. 3(a) and 3(b) show the Rer*(x) and Imr*(x) for hexagonal GST films (an average grain size is not shown in the literature 9 ). Notations are the same as those shown in Fig. 2 . Note that original experimental data in Ref. 7 are given in refractive index n and extinction coefficient k, which give the complex conductivity, r* ¼ ixe 0 e* (Ree* ¼ n 2 À k Table I.   TABLE I . Physical parameters used for the model calculations in nano-Si, hexagonal GST. m* for each material is taken from literature (not a deduced parameter). The tunneling length r t is assumed to be 2 nm. 2012) s ¼ 1.4 Â 10 À15 s, and c 1 ¼ À0.20, are used for the DS model (dashed lines). Although the fits of the present model to the experimental data for Rer*(x) and Imr*(x) are good, the fit of the DS model to Imr*(x) cannot be realized. A good fit of the DS model calculation to the real part of conductivity does not always produce a good fit to the imaginary part. On the other hand, the present model with the physical parameters tabulated in Table I fits well with the experimental data for the both the real and imaginary parts of the conductivity. We know that the simultaneous examination of both the real and imaginary parts of the conductivity is very important.
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We should now briefly discuss the physical parameters deduced from the present model (Table I) . When the transport inside grains dominate the complex optical conductivity at higher frequencies (greater than THz range), r*(x) should be, as expected, dominated by the Drude law. The value of s should be close to the bulk scattering time in each material. The tunneling time s t is larger than the scattering time s. Such a larger tunneling time is expected in a resonant tunneling mechanism, i.e., s t $ s exp(r t /n), where n is the tunneling factor, 18 although detailed tunneling mechanism is not clear. Due to the continuity of current flow, n-value in general is different from the n t -value, as shown in Table I . It is also shown that Rer*(0) is close to the measured dc conductivities of Si, 7 GST. 9, 22 Note also that relatively large e 1 deduced is consistent with the reported values of GST (¼ 61), 9 while e 1 of nano-Si is very much greater than the well-known standard value (¼12) for Si. The reason for a large e 1 of nano-Si deduced here can be attributed to excess carriers generated by the optical-pump-THz probe experiment. In summary, we have shown through case study examples that a series sequence of free and tunneling carriers (SSFTC) dominates the THz conductivity in nanosilicon and hexagonal GST. The model is able to explain not only the real part of the conductivity as a function of frequency but also the imaginary part, and contrasts sharply with the Drude-Smith model. The most important consequence of the present model is that the SSFTC produces a Lorentz-type peak in energy loss. Fitting of the SSFTC model to the experimental data on different material systems (nano-Si and GST) produces reasonable physical parameters that support the validity of the model. We have been able to apply the SSFTC model to widely different nanomaterial systems (metals, semiconductors, and oxides), which will be shown in a future paper.
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